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Favourable native-like helical local interactions can accelerate
protein folding
Ana Rosa Viguera1, Virtudes Villegas2, F Xavier Avilés2 and Luis Serrano1
Background: Extensive studies of peptide conformation have provided
reasonable knowledge of the rules determining helix stability. This knowledge can
be used to stabilize proteins against chemical and thermal denaturation. This has
been done in two proteins: the chemotactic protein from Escherichia coli, Che Y
(a 129 aa / parallel protein with five -helices, which shows an accumulating
intermediate during refolding) and the activation domain of human
procarboxypeptidase A2, ADA2h (a 81 aa + protein domain, with two -
helices, which follows a two-state mechanism). As the introduced stabilizing
interactions are local in nature, the energy balance between the contribution of
local and nonlocal interactions changes considerably. Recent theoretical analyses
of protein folding using simplified models have indicated that optimization of
folding speed requires this balance to be biased towards nonlocal interactions. To
determine whether this is the case, we study here the folding kinetics of two
ADA2h mutants in which -helix 1 (mutant M1) or 2 (mutant M2) has been
stabilized through local interactions, as well as the equilibrium and kinetic
behaviour of a double mutant (DM) in which both helices have been stabilized.
Results: The stability of DM is considerably enhanced with respect to wild type
(WT) and this mutant can be considered as a thermoresistant protein (Tm >
363 K). The thermodynamic parameters obtained by chemical denaturation (urea
and GdnHCl) show that DM is ~2.6 kcal mol–1 more stable than WT. The effects
on folding kinetics are different in each of the single mutants. M1 shows very
little effect in refolding, while its unfolding is greatly decelerated with respect to
WT. M2 shows, together with a deceleration in unfolding, a significant
acceleration in refolding. As with equilibrium parameters, the kinetics of the
double mutant can be explained by the simple addition of the effects found in
each single mutant. Interestingly enough, the refolding slope mkf in mutants M2
and DM is smaller than in the wild-type and M1 mutant. 
Conclusions: Thermoresistance can be achieved, in some cases, by increasing
favourable native local interactions. The balance between local and nonlocal
interactions can be significantly changed in some proteins and still keep a
cooperative unfolding transition similar to that of the wild type. The introduction
of favourable local interactions by mutational redesign can also be used to
increase the folding speed of certain proteins, showing that not all proteins in
nature have been optimized for rapid folding, contrary to what has been
theoretically indicated. This behaviour is probably also shared by other
polypeptides with highly unstructured denatured states. All these phenomena
have been shown experimentally in ADA2h by mutations that increase helix
stability. However, the effects promoted for such an approach in proteins with
residual structure and/or intermediates in the denatured ensemble could be
different. This has been shown by experiments performed on CheY in which the
cooperativity of the folding process was greatly affected.
Introduction
Proteins differ from other heteropolymers in the occur-
rence of an energy gap between the native conformation
and other possible conformations (for reviews, see [1,2]).
This energy gap emerges from specific combinations of
covalent (disulphide bridges) and noncovalent interactions
between the amino-acidic residues of a protein. Depend-
ing on the sequence distance between the interacting
residues, noncovalent interactions have been roughly clas-
sified into local (mainly defining the secondary structure
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elements) and nonlocal or tertiary interactions [3]. The
role that native local interactions play in protein folding
and stability is still controversial. Experimentally, it has
been reported that local interactions could significantly
contribute to the stability of the native state (for review,
see [4,5]) and that very short protein fragments tend to
populate native-like secondary structure in aqueous solu-
tion (for review, see [5,6]). These and other results
prompted many authors to postulate an important role for
secondary structure in driving the conformational search
during protein folding [7–14]. Theoretically, lattice simu-
lations have suggested that an excess of local interactions
over nonlocal interactions can slow down folding [15] at
the temperature at which the native state is stable and
kinetically accessible [16]. On the other hand, a recent
study [17] using the simple lattice model developed by
Shakhnovich and Gutin [18,19] shows that under certain
conditions, a mixture of strong favourable native local
interactions and unfavourable nonnative ones favour
protein folding. Statistical mechanics simulations have
indicated that native turns and start–stop signals can be
important in guiding the molecule towards its native struc-
ture and in defining the energy gap between the native
state and the rest of the conformations [20,21]. 
Recently, an experimental strategy has been devised that
guarantees that mainly local interactions are perturbed and
that the overall hydrophobicity of the protein is main-
tained [22]. In this way, the balance between local and
nonlocal interactions can be rationally modified and the
effects on protein stability and kinetics assessed. This
experimental strategy has been used on the -helices of
two proteins, CheY [22] and ADA2h [23]. Increasing the
helix propensity of CheY and ADA2h results in the
mutant proteins being more resistant to chemical and tem-
perature denaturation. However, the increase in overall
stability in all cases is smaller than expected, indicating
that some conformations in the denatured ensemble are
also stabilized [22,23]. In the case of CheY, there is a sig-
nificant loss of cooperativity in the folding transition
which results, in some cases (stabilization of CheY -
helix 1), in a destabilization of the protein at 25°C under
native conditions. This decrease in cooperativity has been
explained by an increase in the average compactness of
the denatured ensemble [22]. 
The aim of this work is to determine the role of local
interactions in the folding kinetics of proteins. We used
ADA2h as a model for a two-state folding domain [24] to
investigate the effect that introducing favourable local
interactions has on the folding and unfolding kinetics of a
protein with native, denatured and transition states as the
only intervening species. By having a two-state transition,
changes in the unfolding and refolding rate constants, as
well as in the dependence of their natural logarithm with
denaturant, can be readily assigned to changes in these
states. We analyzed the folding kinetics of individual
mutants with one of the two -helices stabilized (M1 and
M2) and the double mutant with both -helices stabilized
(DM) and compared the results to those for the wild-type
(WT) protein [24]. 
Results
Design of the mutations and helix stability
We used the helix/coil transition algorithm AGADIR1s (a
version of AGADIR [25,26] that uses the classic one-
sequence approximation [4,27]) to design mutations on the
solvent-exposed face of the two helices of ADA2h. The
residues mutated make contacts only within the -helix
and we have preserved the overall hydrophobicity of the
protein (these mutations, shown in Fig. 1a, have been
detailed in a previous paper [23]). The increase in helical
content upon mutation for peptides corresponding to -
helices 1 and 2 is from 27% to 57% and from 4.5% to 44%,
respectively. (The values for the wild type are experimen-
tal, while the ones after mutation are the prediction by
AGADIR1s, since the peptides aggregated [23]). This cor-
responds to 1.6 and 2.5 kcal mol–1 approximately [23]. 
Equilibrium analysis of the double-mutant protein
The two -helices of ADA2h were independently stabi-
lized by introducing favourable local interactions (mutants
M1 and M2) as described in a previous work [23]. Urea
denaturation analysis of these two mutants revealed a sig-
nificant increase in the stability of the protein [23]. In this
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Figure 1
(a) Amino acid sequences of the different mutants of ADA2h used in
this study and secondary structure assignment. (b) Far-UV circular
dichroism of the four proteins: WT protein (), M1 mutant (s), M2
mutant (l) and DM mutant (n).
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work, we have introduced simultaneously the mutations
stabilizing the two -helices to produce the double
mutant, DM (Fig. 1a). Far-UV CD analysis of the WT
protein and the three mutants, M1, M2 and DM, indicates
that the overall secondary structure content of the proteins
is the same (Fig. 1b). Therefore, none of the mutations
introduced seems to elongate or modify the helical length
of the two ADA2h helices, as previously suggested by
NMR analysis of peptides corresponding to the WT and
mutated helices [23]. Figure 2a shows the urea denatura-
tion curve of the DM mutant and those of mutants M1,
M2 and the WT protein, for comparative purposes. The
DM protein is very stable and does not start denaturing
until 6 M urea. Fitting the data to a two-state transition
indicates that the double mutant is ~2.6 kcal mol–1 more
stable than the WT protein and has a slightly smaller m
value (Table 1). However, the m and G values are not
very reliable due to the fact that the unfolding transition is
unfinished at urea concentrations close to 10 M. Low pH
cannot be used to destabilize the protein, because the
reversibility of the denaturation process decreases with
the pH [24]. An alternative is to use stronger denaturants,
like guanidine hydrochloride (GdnHCl). Figure 2b shows
the denaturation curves of the four proteins by GdnHCl.
The fluorescence emission of the native state in all cases
is strongly quenched by GdnHCl, contrary to what we
found with urea. Since in the denatured state there is a
small dependency of the fluorescence on GdnHCl, as we
find in urea, the strong dependency in the native state can
be explained only by a specific interaction with Trp40 in
the native state, which is quite solvent exposed [28,29].
Fitting these curves to a standard two-state transition
equation results in almost the same thermodynamic para-
meters for the four proteins as we found with urea
(Table 1). The slope m is also smaller in the M2 and DM
mutants.
In Figure 2c, we show the temperature denaturation curves
for the WT, M1, M2 and DM proteins at pH 7.0. An
important increase is seen in the Tm value of mutants M1
and M2 and, more interesting, the DM is thermostable and
does not denature even at 363 K. Fitting the temperature
denaturation curve of the WT protein results in the same
thermodynamic parameters previously determined by
calorimetry [24] (Table 1). The M1, M2 and DM denatura-
tion curves could not be fitted, since their transitions are
not finished or even started (DM protein). In the case of
M1 and M2 mutants, and assuming the same dependence
on temperature of the ellipticity of the unfolded state, we
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Figure 2
Thermodynamic characterization in equilibrium of the wild-type ()
ADA2h domain and mutants M1 (s), M2 (l) and DM (n).
(a) Urea denaturation curves. (b) GdnHCl denaturation curves. 
(c) Temperature denaturation curves. See Materials and methods for
the experimental details.
can obtain an estimate of their Tm values, which are around
7 K larger than that of the WT protein. 
Kinetic analysis of the mutant proteins
In Figure 3, we show the natural logarithm of the depen-
dence of the unfolding and refolding rate constants on
urea for the four proteins. As found in the WT protein,
there is a linear dependence of the natural logarithm of
the rate constant of unfolding (ku) of mutants M1 and M2
on urea concentration. In the case of mutant DM, its high
stability prevents fitting of the isolated unfolding data. In
the refolding reaction, as with the WT protein, two main
transitions are observed: a fast transition (kf) completed in
less than 0.2 s and a slow one, independent of urea con-
centration, with a kinetic constant of 0.021 ± 0.007 s–1 (kf′€;
data not shown). The slow transition has been previously
assigned to a proline-isomerization process [24] and con-
tributes little to the overall stability of the protein.
The dependence of the logarithm of the fast rate constant
of refolding (kf) of mutants M1, M2 and DM on urea con-
centration is linear in the interval analyzed. In the case of
the DM and M2 mutants, due to their extremely rapid
refolding, we have not been able to obtain experimental
information below 3.5 M urea. Extrapolation to 0 M urea
shows a small acceleration in the refolding rate constant
for mutant M1 and a very significant acceleration for
mutant M2 (Table 2). In mutant DM, the refolding rate
constant seems to be the result of the addition of the
effects found in mutants M1 and M2. In the case of the
unfolding rate constant, we find in mutants M1 and M2 a
strong deceleration in 0 M urea compared to the WT
protein. As in the case of the refolding rate constant,
analysis of the DM mutant indicates that these effects are
additive (Table 2). Analysis of the slopes that relate the
change in the natural logarithm of the unfolding (mku) and
refolding (mkf) rate constants with urea shows a significant
decrease in mkf for mutants M2 and DM. On the other
hand, no significant changes are observed for mku in all
three mutants. 
Discussion
Comparison between ADA2h and CheY 
In previous articles [30,31], the same experiment described
here was done with CheY,  a protein which has a folding
intermediate more structured than its transition state [32].
The equilibrium and kinetic results obtained with both
proteins present some similarities and discrepancies.
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Table 1
Thermodynamic unfolding values of ADA2h and the helix-stabilized mutants obtained from chemical denaturation and kinetics at
298 K and from differential scanning calorimetry, all at pH 7.0.
Protein Method G m Tm H
(kcal mol–1) (kcal mol–1 M–1) (K) (kcal mol–1)
WT Eq. Urea* 4.4±0.1 1.0±0.03
Eq. GdnHCl† 4.2±0.1 2.3±0.08
Kin. Urea‡ 4.5±0.1 1.0±0.05
Temp§ 3.8# 351.0±0.2# 49±0.8#
M1 Eq. Urea* 5.3±0.2 0.9±0.03
Eq. GdnHCl† 5.3±0.1 2.4±0.07
Kin. Urea‡ 5.8±0.3 1.0±0.05
Eq. Temp§ — — 358.2±0.5 —
M2 Eq. Urea* 5.7±0.1 0.9±0.02
Eq. GdnHCl† 6.0±0.1 2.1±0.1
Kin. Urea‡ 6.0±0.2 0.9±0.02
Eq. Temp§ — — 358.5±0.5 —
DM Eq. Urea* 7.0±0.2** 0.9**
Eq. GdnHCl† 6.9±0.5 2.2±0.1
Kin. Urea‡ 7.5±0.3** 0.9**
Eq. Temp§ — — — —
*Thermodynamic parameters in equilibrium obtained from the fitting of
the urea denaturation curves. †Thermodynamic parameters in
equilibrium obtained from the fitting of the guanidine hydrochloride
denaturation curves. ‡Thermodynamic parameters obtained from the
kinetic analysis of the unfolding and refolding reactions, using urea as
denaturant. §Temperature denaturation followed by far-UV CD and
fitted as indicated in Materials and methods. #Temperature
denaturation parameters obtained from calorimetry [24]. Similar values
are obtained from fitting the temperature denaturation curve of the WT
protein (G = 3 ± 1 kcal mol–1; H = 45 ± 2 kcal mol–1; Tm = 351
± 0.3 K). **Subject to a large error due to the high stability of this
protein, which prevents visualization of the full transition.
In CheY, stabilization of its -helices resulted, as in
ADA2h, in a significant increase in its thermostability, as
well as in the amount of urea required to half-denature the
protein [22]. However, in terms of the free energy in water
at 298 K, the stabilization of CheY is proportionally
smaller than in ADA2h (in the case of -helix 1, the
protein was even less stable), whereas similar increases in
helix stability have been obtained for some of the isolated
-helices in solution [22,23].
For four of the five helical mutants of CheY (helices 2, 3, 4
and 5), as in ADA2h, their stabilization results in a
decrease in the unfolding rate constant, while for CheY -
helix 1 there is no change. Opposite to what we find in
ADA2h, in CheY the refolding rate constant in water of all
its helix-stabilized mutants is smaller than that of the wild
type. However, at high urea concentrations, where the
intermediate state is destabilized, an acceleration of the
refolding rate constant is found [32].
With respect to the unfolding and refolding slopes, mku
and mkf [22], we find similar results for both proteins. The
former does not change, while the latter either does not
change or decreases. 
The kinetic and equilibrium results described in this man-
uscript for the three ADA2h mutants, and previously for
CheY, can be rationalized in terms of the conformations in
which the -helix is present [33,34] (see Fig. 4). For a two-
state protein we consider four states: the unfolded state
(denatured state under high denaturing conditions), the
denatured state (denatured state under native conditions),
the transition state (the one with the highest energy) and
the native state. Stabilization of a secondary structure
element through local interactions should result, in all
cases, in a stabilization of the native state (since the helix
will be present 100% of the time in this state). The effect
in the transition state is more difficult to anticipate, since
the stabilized helices could be present or not, indepen-
dently of their formation in the denatured state. The
unfolded state should not be significantly altered, since -
helices unfold at high urea concentrations. With respect to
the denatured state, it is clear that under native condi-
tions, the helical conformation is adopted by peptides cor-
responding to -helices. Therefore, it is reasonable to
assume that these sequences inserted into a longer
polypeptide should have the same helical tendency and
consequently this state will be stabilized with respect to
the unfolded state (Fig. 5). However, other parts of the
protein could provide alternative interactions noncompati-
ble with the helical conformation and this could result in
smaller helical contents than in the isolated peptides.
Based on this scheme, we can contemplate four simple
cases for the folding kinetics. In case A, if the selected -
helix is fully made after the main transition state, its stabi-
lization should slow down the unfolding rate constant
(Fig. 4a) and we should expect a stabilization of the
protein. In case B, if the -helix is fully made in the transi-
tion state, we should not find any changes in the unfolding
rate constant, but we should see an acceleration of the
refolding rate constant (Fig. 4b) and also the protein will
be stabilized. In case C, if the stabilized helix is fully
made in the denatured, transition and native states, we
should not expect any changes in the unfolding and
refolding kinetics, as well as in the free energy under
native conditions, since the three states will be equally
stabilized (Fig. 4c). Finally, case D considers a helix made
in the denatured state, or in a folding intermediate, that
needs to be partially unfolded in order to pass over the
transition state (Fig. 4d). In this case, we would find a
slowing down of both unfolding and refolding rate con-
stants and no change in free energy.
Depending on where in the folding reaction the modified
local interactions are present and to what extent, we will
find cases that fit perfectly one of the above four cases, or
a mixture of them. The ADA2h M1 mutant is a perfect
example of case A. This does not mean that the stabilized
helix is not partially made in the denatured state, but
rather that it is made to the same extent in the denatured
and transition states and fully folds in the native state.
Mutant M2 is a mixture of cases A and B (some of the
interactions are made in the transition state to a larger
extent than in the denatured state, but not to the same
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Figure 3
Kinetic characterization of the folding and unfolding reactions of the
wild-type () ADA2h domain and mutants M1 (s), M2 (l) and DM
(n). See Materials and methods for the experimental details.
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extent as in the native state). Substituting in Figure 4 the
denatured state for a stable folding intermediate (more
stable than the denatured state) and the unfolded state for
the denatured state, we can also fit the helix-stabilized
mutants of CheY [22] to one of the above models. The -
helical mutant 1 [22] fits more to case C, while -helical
mutants 2, 3, 4 and 5 [22] fit more to case D. Stabilization
of CheY is achieved because the introduced favourable
local interactions are not present to the same extent in the
denatured as in the intermediate state [32]. 
Local interactions and protein stability
Introducing favourable native-like local interactions sig-
nificantly enhances the stability of proteins with respect to
chemical denaturants or temperature (half-denaturation is
obtained at higher denaturant values [22,23]). Here, we
found that the stabilizing effects produced by increasing
the helical propensity of two -helices of the same protein
are additive as shown by the thermodynamic characteriza-
tion of the ADA2h DM mutant. Moreover, by simply
adding favourable native-like local interactions, it is possi-
ble to obtain a thermostable protein, at least in the case of
ADA2h. Statistical analysis of thermophilic and
mesophilic proteins has shown that thermostability is
achieved by a variety of different factors, of which an
excess of salt bridges and the presence of favourable
amino acid helix formers seem to be important factors
[35,36]. In CheY and ADA2h, we have in fact introduced
favourable ionic pairs in their -helices, as well as substi-
tuting unfavourable helix-forming amino acids for strong
helix promoters. The increase in the Tm values of the
CheY and ADA2h mutants and, especially, the acquisition
of thermoresistance in the case of the ADA2h DM mutant
suggest that stabilization of -helices through local inter-
actions could be a strategy employed by nature in ther-
mophilic organisms.
However, a note of caution must be added. As we dis-
cussed above, introducing favourable local interactions not
only stabilizes the native state, but also the denatured
state. As a result, in aqueous solution under native condi-
tions, the protein is not as stabilized as expected from the
sum of the individual energies [22,23]. At the limit, 100%
helix formation of the mutated sequence, there will be no
net gain in free energy. But in all cases, the amount of
denaturant required to unfold the protein will be larger
(see Fig. 5). 
Local interactions and optimization of protein folding
Contrary to what has been suggested by some theoretical
approaches [15,16], the results we present here clearly
demonstrate that an increase in the contribution of
favourable local native interactions can, in some cases,
optimize folding rates. In the case of the DM mutant, we
have almost doubled the stability of the protein through
local interactions and the protein folds six times faster.
Thus, in proteins with a two-state transition, it seems that
the energy balance between local and nonlocal interac-
tions could be biased towards the former without a signifi-
cant effect on its foldability.
Local interactions and the denatured state
The equilibrium m value is proportional to the change in
buried surface area that occurs between the native and
denatured states [37]. The kinetic mku (unfolding) and mkf
(refolding) are proportional to the change in buried surface
area that occurs between the reactant (folded or unfolded
states) and the transition state. All the mutations in this
study are solvent exposed and we have not significantly
changed the overall protein hydrophobicity and accessibil-
ity to solvent of the native state (far-UV CD spectra of all
the proteins are identical). In our mutants, the unfolding
mku does not change upon mutation, suggesting that the
structure of the transition state has not been significantly
altered, at least in terms of accessibility. However, the
refolding slope mkf is clearly smaller in mutants M2 and
DM. Changes in mkf, when mku does not change, can only
be ascribed to changes in the average accessibility in the
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Table 2
Kinetic analysis of the wild-type ADA2h and its helix-stabilized mutants.
Protein mku* mkf* ku* kf* mkin* Gkin*
WT –0.31±0.01 0.69±0.02 0.350±0.010 743±79 1.00±0.03 4.5
M1 –0.30±0.01 0.66±0.02 0.054±0.002 1047±94 0.96±0.03 5.8
M2 –0.32±0.01 0.58±0.01 0.130±0.003 2993±287 0.90±0.02 6.0
DM –0.31† 0.60±0.02 0.014±0.001 4390±0.02 0.91±0.03 7.5
*Kinetic parameters for the wild-type and different mutants of ADA2h.
mku is the dependence of the natural logarithm of unfolding with urea.
mkf is the dependence of the natural logarithm of refolding with urea. ku
is the unfolding rate constant in water. kf is the refolding rate constant
in water. mkin is the dependence of the natural logarithm of the
equilibrium constant with urea, obtained from the kinetic parameters
mku and mkf. Gkin is the free energy of unfolding determined from the
kinetic parameters. †The mku value was fixed in this mutant to that of
the WT protein, since the number of points in the linear region is too
small to obtain an accurate value. In the other three mutants, the values
are very similar, thus supporting the assumption that the mku value will
be the same in this mutant.
denatured ensemble (compactization of the denatured
ensemble). Since the overall hydrophobicity is the same in
the wild-type and mutant proteins, the decrease in mkf
indicates that the newly introduced local interactions in -
helix 2 are partially present in the denatured ensemble.
The kinetic slopes, mku and mkf, support the hypothesis
that -helix 1 is formed after the main transition state,
while -helix 2 is partly present in the transition and
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Energy level diagrams for protein folding. The unfolded state refers to
the conformational ensemble found when the protein is in the presence
of high denaturant concentrations. The denatured state refers to the
conformational ensemble under physiological conditions. The transition
state refers to the conformational ensemble which has the highest free
energy in the folding reaction. kf is the observed refolding rate constant
of the wild-type protein. ku is the observed unfolding rate constant of
the wild-type protein. When those are different in the mutant protein
they are indicated as ku′ and kf′, respectively. Mutant refers to the free
energy change produced by stabilizing the helical conformation. This
scheme can also be applied to a protein with a stable folding
intermediate by substituting the denatured ensemble by the
intermediate. (a) The stabilized -helix is made only in the native state.
(b) The stabilized -helix is made only in the transition and native
states. (c) The stabilized -helix is made in the three states. (d) The
stabilized -helix is made in the denatured and native states, but is not
present in the transition state.
denatured states [33]. The changes in m and mkf are addi-
tive, as shown by the DM mutant, thus indicating lack of
cooperativity in the denatured state. As was previously
found in CheY [22], there is no relationship between
protein stability and the changes in mkf. These results
suggest that not all local interactions are going to be
equally represented in the denatured ensemble. 
Optimization of protein folding in proteins 
Protein stability is not optimal in proteins as shown by the
fact that evolutionarily related proteins could have very
different stabilities in mesophilic and thermophilic organ-
isms. In fact, a mutagenesis study of closely related pro-
teins (barnase and binase) in mesophilic organisms has
shown that some of the amino acid differences stabilize
the protein, others destabilize it and a third group is
neutral and these effects are additive [38]. This suggests
that for a particular protein in a particular organism, there
is a stability window that allows optimal regulation, which
could be different when the environment in which the
organism lives changes. Some theoretical simulations
using simplified polypeptide models [16] assume that pro-
teins have evolved to achieve optimal folding. Our results
show that, at least for ADA2h, this is not the case. More-
over, when comparing the refolding rate constants in water
of several different proteins with a two-state transition
(Table 3), we find very different folding rates. These dif-
ferences are not related to protein size or secondary struc-
ture composition and cannot be ascribed to protein
function, since similar proteins in different organisms have
very different folding rates (Table 3). It follows that the
window allowed in vivo for protein folding is quite wide
and therefore that protein folding is not necessarily opti-
mized either in terms of speed or stability. 
Final comments
We have found that native helical local interactions can
significantly enhance protein stability and protein folding
speed in a two-state transition protein. Comparison with a
protein with a folding intermediate indicates that these
results are not necessarily general. It seems that different
proteins could have very different folding behaviours in
this respect, which would depend on the level of structure
present in their denatured state as well as on the existence
of stable folding intermediates. These results raise ques-
tions about the ability of simplified polypeptide models to
capture the rich complexity observed in proteins.
Material and methods
Cloning and site-directed mutagenesis of the recombinant
ADA2h
The fragment corresponding to the wild-type sequence of ADA2h was
obtained by PCR [39] from a previously described expression vector
[24]. BamHI and HindIII sites were introduced at the 5′ and 3′ ends,
respectively, using the primers 1A (AATTGGATCCCTAGAAA-
CATTTGTGGG) and 1D (AATTAAGCTTCTATTACTGGACGTCT-
TCAATC). The fragments corresponding to the mutant sequences
were obtained by the PCR megaprimer method [40] using as flanking
sequences the primers 1A and 1D, and as mutagenic ones 1C
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Figure 5
Scheme showing the expected effects on urea dependencies of the
free energies of the native and denatured states in the wild-type and
helix-stabilized proteins. The unfolded state refers to the
conformational ensemble found when the protein is in the presence of
high denaturant concentrations. The denatured state refers to the
conformational ensemble under physiological conditions. Upon
introducing favourable local interactions, the native state will be
stabilized since the -helix is present 100% of the time. The unfolded
state will presumably not be significantly affected, since the mutations
do not involve an overall change of hydrophobicity and the helix will not
be folded. In the denatured ensemble, we contemplate three cases:
the -helix is not significantly present (case B), the helix is partially
made (case C) and fully made (case D). In case B, the energy
difference between the native and denatured states is larger, the
cooperativity does not change and the urea concentration required to
denature 50% of the molecules ([urea]1/2) is much larger than in the
wild-type protein (case A). The other extreme is case D, in which the
helix will be fully made in the denatured state. In this case, there will
not be any free energy change under native conditions. However, the
[urea]1/2 will slightly increase and the cooperativity will be smaller, as
reflected by the differences between the slopes of the lines shown
here (m value). In case C, the free energy, the [urea]1/2 and the m value
should change. For a protein with a folding intermediate, there will be
an equilibrium between the intermediate and the denatured states and
consequently a deviation from linearity of the free energy dependence
on urea concentration. However, the general consequences of this
model will be the same. Since folding intermediates are generally
rather structured forms, the probability of an -helix being partly
present will be higher and therefore the protein should behave more
like case D (i.e. CheY). This scheme is an oversimplification and much
more complicated cases could be found. In fact, the decrease in
cooperativity upon helix stabilization will depend not only on the overall
stabilization of the denatured state, but also on the dependence of this
stabilization on denaturant concentration. 
Denatured state
Mutant
Mutant
Mutant
Native state
[Denaturant]
Free energyUnfolded state
A
B
C
D
(TAAAAAACTGCTAGAATTGGAGGCTAAAAAACATCTCC) for M1,
1B (AGGCAATTCCGTGGGCCTCCAAGAACGCTTTGACTGCCTC-
GACGTTGACG) for M2, and both primers for DM. 
The vector used for cloning all the PCR products was obtained by
PCR using as template a derived form of the pTZU18 plasmid (Pharma-
cia) previously described [41]. The plasmids were electroporated into
Escherichia coli XL1-BLUE (rec A–).
Protein expression and purification of the recombinant ADA2h
and its mutants
E. coli cells were grown from single colonies in LB-ampicillin at 310 K
to an OD600nm of 0.4. Isopropyl -D-thiogalactopyranoside was then
added to a final concentration of 0.17 mM, and the cultures were
grown overnight at 310 K. Cells were collected by centrifugation and
resuspended in 50 mM sodium phosphate buffer (pH 7.0). After soni-
cation and ultracentrifugation, the soluble fractions were ammonium-
sulphate precipitated (70% saturation) and loaded into a HiLoad 26/60
Superdex 75 (Pharmacia) column in 50 mM sodium phosphate buffer
(pH 7.0), 150 mM sodium chloride. The pools containing the recombi-
nant proteins were dialyzed and loaded into a MonoQ HR 5/5 (Pharma-
cia) column in 10 mM sodium phosphate buffer (pH 7.0) and eluted
with a gradient up to 0.5 M sodium chloride.
The initial insoluble fractions of the recombinant proteins were resus-
pended in 50 mM sodium phosphate buffer (pH 7.0) containing 6 M
urea and ultracentrifuged. The supernatant was diluted tenfold at
277 K and ultracentrifuged. The supernatants were filtered through a
0.22 m filter, concentrated on Centriprep-30 concentrators (Amicon)
and then treated as described above for the soluble fractions.
Protein concentration determination
The extinction coefficient of wild-type and mutant proteins was calcu-
lated by the method of Gill and von Hippel [42], as previously
described [24].
Circular dichroism analysis
CD spectra of 50 M protein samples in 50 mM sodium phosphate
buffer (pH 7.0) were recorded in a JASCO J-710 spectropolarimeter at
298 K in a 2 mm quartz cuvette. Measurements were averaged for 30
scans recorded at 50 nm min–1.
Denaturation analysis
Urea and GdnHCl solutions were prepared gravimetrically in volumetric
flasks. For each data point, 100 l of ADA2h in sodium phosphate
(pH 7.0) was mixed with 750 l of a given denaturant solution, render-
ing a final buffer concentration of 50 mM. The mixtures of the protein
plus the buffer in the appropriate denaturing solutions were left to equi-
librate for at least 1 h (no changes are observed between 1 and 12 h
incubation period). Fluorescence emission spectra of the Trp40 of
ADA2h were used to monitor any changes in the environment of this
residue upon unfolding of the protein. Fluorescence was measured in
an Aminco Bowman Series 2 luminescence spectrometer. Excitation
was at 290 nm with a 2 nm slit. Fluorescence was detected through an
8 nm slit. In these experiments, protein concentration was kept at
2.2 M and temperature at 298 K. The equilibrium constant for denatu-
ration was calculated, for each denaturant concentration, using equa-
tion 1:
F = FN + a [denat]) + (FU + b [denat]) * exp (m [denat] – GH2O)/RT
1 + exp (m [denat] – GH2O)/RT (1)
where F is the fluorescence emission value at a certain concentration
of denaturant, and FN and FU are the corresponding fluorescence
values for the folded and unfolded states in the absence of denaturant.
The dependence of the intrinsic fluorescence upon denaturant concen-
trations, in both the native and the denatured states, is taken into
account by the terms a [denat] and b [denat], respectively (linear
approximation). In this analysis, we assumed a two-state model for
denaturation of ADA2h and its mutants, with no species accumulating
significantly apart from the native and denatured forms of the domain.
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Table 3
Refolding rate constants of different two-state transition proteins and comparison with ADA2h.
Protein kf mkin Gkin No. residues Fold
(s–1) (kcal mol–1 M–1) (kcal mol–1)
Ada2h-WT* 743 0.97 4.7 81 (+)
Ada2h-M1* 1047 0.99 5.6 “ “
Ada2h-M2* 2993 0.90 6.0 “ “
Ada2h-DM* 4390 0.91 7.5 “ “
CspB† 1070 0.74 2.7 67 All 
SH3‡ 51 0.93 3.8 62 All 
CI-2§ 56 1.82§§ 7.6 64 (+)
Y-Acil-CoA# 4105 1.20§§ 8.2 86 All 
B-Acil-CoA# 279 2.20§§ 8.2 “ “
B1-IgG** 26 1.5## 56 (+)
B2-IgG** 73 0.9## “ “
CytC†† 67*** All 
-repr‡‡ 3600 0.86 6.8 79 All 
Unless stated, all experiments were performed using urea as
denaturant, around 298 K temperature and around pH 7.0. *Activation
domain of human procarboxypeptidase A2 [24] and mutant forms.
†Cold-shock protein CspB from Bacillus subtilis [43]. ‡Chicken -
spectrin SH3 domain [44]. §Truncated form of chymotrypsin inhibitor-2
[45]. #Yeast acyl-coenzyme A binding protein and bovine acyl-
coenzyme A binding protein [34]. **B1 and B2 domain of protein G
[46]. ††Cytochrome c refolded at pH 4.9 [47]. ‡‡Truncated form of the
N-terminal domain of phage  repressor (6–85) [48]. §§In guanidine
hydrochloride. ##At pH 11.2. ***Under conditions that prevent the
formation of a nonnative bond between the heme group and a histidine
sidechain.
Temperature denaturation analysis
Thermally induced unfolding was monitored by CD spectroscopy at
pH 7.0, with 50 mM sodium phosphate buffer, in the temperature range
298–365 K. Temperature runs were done in the same conditions with
a 50 ° h–1 heating rate from 278 to 368 K. Reversibility was checked
by the comparison of the original spectrum with the one obtained after
recooling the sample. At this pH, denaturation was found to be 100%
reversible [24]. The curves corresponding to the wild-type protein and
mutants were fitted to the following equation:
E = EN+A*T+(EU+B*T)*exp(Hm*(1–T/Tm)–Cp,U*(Tm–T+T*ln(T/Tm))/RT)
1+exp(Hm*(1–T/Tm)–Cp,U*(Tm–T+T*ln(T/Tm))/RT) (2)
where the increment in heat capacity upon unfolding, Cp,U, is
0.86 kcal mol–1 [24]. In this equation, E, EN and EU are, respectively,
the ellipticity at 222 nm of the protein at a certain temperature of the
native state and of the thermal denatured state. Tm is the temperature in
Kelvin at which 50% of the molecules are denatured. Hm is the
enthalpy change at Tm. A*T and B*T represent, respectively, the depen-
dence with the temperature of the ellipticity of the native and denatured
states.
Kinetic analysis 
Kinetics were followed in a Bio-Logic stopped-flow machine (SFM3) by
fluorescence. The average dead time of the experiments was 50 ms
due to artefacts arising from mixing water and high urea concentra-
tions. A cell of 150 l was used. The unfolding reaction was performed
by dilution of the native ADA2h in 50 mM sodium phosphate buffer
(pH 7.0) with the appropriate ratio of the same buffer containing differ-
ent concentrations of urea. For the refolding reaction, the unfolded
protein in 50 mM sodium phosphate buffer (pH 7.0), containing 7.5
and 9 M urea, was mixed with an excess of the same buffer without
urea to give several final urea concentrations. Fluorescence was mea-
sured through a 320 nm cut-off filter (excitation at 290 nm). The cell
chamber and the syringes were kept at 298 K.
The whole reaction was fitted to equation 3: 
lnk = ln[kf,H2O exp (mkf[urea]) + ku,H2O exp (mku [urea])] (3)
GH2O can be obtained by using equation 4:
GH2O = –RT ln(kf,H2O/ku,H2O) (4)
and the equilibrium slope m from equation 5:
m = RT (mku – mkf) (5)
In these equations, k is the observed rate constant, kf is the refolding
rate constant and ku is the unfolding rate constant at a certain urea
concentration. mkf is the dependence of the natural logarithm of the
refolding rate constant and mku of the unfolding rate constant.
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